We report plasmonic nanoparticle enhanced photocatalysis on titanium dioxide (TiO 2 ) in the deep-UV range. Aluminum (Al) nanoparticles fabricated on TiO 2 film increases the reaction rate of photocatalysis by factors as high as 14 under UV irradiation in the range of 260-340 nm. The reaction efficiency has been determined by measuring the decolorization rate of methylene blue applied on the TiO 2 substrate. The enhancement of photocatalysis shows particle size and excitation wavelength dependence, which can be explained by the surface plasmon resonance of Al nanoparticles. Photocatalysis is an efficient method to chemically harness the energy from the sun.
(Received 17 October 2013; accepted 24 January 2014; published online 11 February 2014) We report plasmonic nanoparticle enhanced photocatalysis on titanium dioxide (TiO 2 ) in the deep-UV range. Aluminum (Al) nanoparticles fabricated on TiO 2 film increases the reaction rate of photocatalysis by factors as high as 14 under UV irradiation in the range of 260-340 nm. The reaction efficiency has been determined by measuring the decolorization rate of methylene blue applied on the TiO 2 substrate. The enhancement of photocatalysis shows particle size and excitation wavelength dependence, which can be explained by the surface plasmon resonance of Al nanoparticles. Photocatalysis is an efficient method to chemically harness the energy from the sun. 1 A photocatalyst traps the photons to generate electron-hole pairs and subsequently induce chemical reactions at the surface. A promising photocatalyst that has been receiving considerable attention is titanium dioxide (TiO 2 ) because of its strong oxidizing power as well as physical and chemical stability. 2 TiO 2 has been used in a variety of environmental applications such as self-cleaning surfaces, water splitting, disinfection, and air purification. [3] [4] [5] [6] Despite these several demonstrations, the photocatalytic activity of TiO 2 needs to be improved in order to make it a practical solution for many green-and energy-related problems.
One approach to increase the photocatalytic activity of TiO 2 is through plasmonics. In plasmonics, the excitation of localized surface plasmons (LSP) on the surface of metallic nanostructures produces intense electric field amplitudes that can increase light absorption, 7 thereby, improving the photocatalytic activities of TiO 2 . Typical materials utilized for plasmonics are noble metals (Au, Ag, and Cu) which exhibit high enhancements in the visible light region. Although plasmonic photocatalysis has been demonstrated using Ag, 8, 9 the improvement effects were not sufficiently high because the plasmon resonance wavelength is out of the absorption band of TiO 2 (3.2 eV). Since light absorption of TiO 2 is high in the deep-UV range, it is expected that the photocatalytic performance of TiO 2 would be enhanced more if the plasmonic metal used has resonance wavelength in the UV range as well. Recently, there have been efforts to expand plasmonics to the UV region. [10] [11] [12] [13] [14] Poor metals such as Al, In, Ga, Sn, Tl, Pb, and Bi have been found to exhibit plasmonic properties in the UV range. 15 Among these metals, Al is the best choice in terms of practical use because of its low toxicity and high stability in air. 10 In this Letter, we report plasmonic photocatalysis of TiO 2 in the UV range by using UV-resonant aluminum nanoparticles (NPs). The reaction rate of photocatalysis increased by a factor as high as 14, and the photocatalytic enhancement depended on the particle size and irradiation wavelength. To examine further the relationship between the size of the nanoparticle and surface plasmon resonance, discrete dipole approximation (DDA) simulations were performed. Figure 1 illustrates the concept of plasmon-enhanced photocatalysis. Briefly, a thin film of TiO 2 was deposited on a quartz substrate. Hexagonal patterns of Al nanoparticles were then formed on the surface of the TiO 2 film as shown in the inset using a lithographic method. To evaluate the photocatalytic activity, a test sample of methylene blue (MB) was applied to the substrate. By irradiating UV light from above the substrate, an enhanced field is generated in the vicinity of the Al nanoparticles, exciting the TiO 2 with an accelerated reaction rate.
The TiO 2 thin film was prepared by spin-coating anatase TiO 2 nanocrystals (Titania Coating, Tayca Corporation, suspended in water) with a diameter of 6 nm on a quartz substrate. The spin-coating speed and time were 7000 rpm and 30 s, respectively. This process formed a TiO 2 film with a thickness of $150 nm. For precise control of the size of metallic nanostructures, we employed the nanosphere lithography (NSL) technique. 16, 17 Polystyrene (PS) beads were aligned into a hexagonal closepacking arrangement on the TiO 2 film by spin-coating. PS beads with diameters of 107 6 2 nm, 147 6 7 nm, and 336 6 8 nm (Microparticles GmbH) were used to investigate the size effect of the Al nanoparticles on plasmon resonance. After that, Al was deposited on the substrate by thermal evaporation of an Al wire (99.99% purity) in vacuum conditions ($2 Â 10 À4 Pa). The evaporation speed was adjusted to 0.1 Å /s monitored with a quartz crystal microbalance. The deposition thickness was 30 nm. The PS beads were then removed by sonication in toluene for 1 min. With the 107 nm and 147 nm diameter PS beads, the shapes of the structures were hemispherical, and with the 336 nm diameter PS beads, the shape of the structure was triangular. The maximum widths were 28, 34, and 80 nm in ascending order of the PS bead size. Finally, to monitor the speed of the reactions, MB aqueous solution (200 mM) was spin-coated on the substrate at 7000 rpm for 30 s.
The photocatalytic reaction was initiated by irradiating the structures with UV light. The UV light source was a laserdriven light source (LDLS EQ-99, Tokyo Instruments, Inc.), which has a broad uniform spectrum from 170 nm to 800 nm. To avoid the effects of visible light, e.g., heat, UV light ranging from 260 to 340 nm was extracted with a bandpass filter. The total intensity of the UV light was 8.1 mW/cm 2 . For wavelength dependence experiments, another narrow bandpass filter with a bandwidth of 10 nm was additionally inserted. The intensity of the irradiation light became 0.57 mW/cm 2 at each wavelength. The absorption of MB was measured using a UV-vis spectrometer (Shimadzu UV 3600, D2 lamp for UV, Halogen lamp for Vis) with a slit width of 0.2 nm. An absorption spectrum was measured every minute. The UV irradiation was stopped during the spectral measurements. The photocatalytic reaction was monitored using the absorption spectrum of MB centered at 580 nm.
DDA calculations were performed with the DDSCAT program. 18 The calculated structures were either hemispherical or triangular. Al was assumed to be covered with Al oxide (Al 2 O 3 ). At the contact region with air, the thicknesses of the Al 2 O 3 layers were 6 nm for the 28 nm Al particles and 5 nm for the 34 and 80 nm particles. 10 The thickness of the Al 2 O 3 layer at the contact region with the TiO 2 was fixed to 7 nm. 19 The spatial pitch was 1 nm. The dielectric functions of Al and Al 2 O 3 in Ref. 20 were used. The polarization directions of incident light were both parallel to the sample plane and orthogonal to each other. Figure 2 shows the observed photocatalytic reaction of TiO 2 with and without Al nanoparticles under the UV irradiation in the range 260-340 nm. The decay curves indicate the residual reaction rate of MB with respect to integrated irradiation time. The black line indicates the result without Al nanoparticles, whereas colored lines indicate the results with Al nanoparticles. The red, blue, and green colors indicate the rates obtained with Al nanoparticles having lateral sizes, D, of 28, 34, and 80 nm, respectively. For the 28 nm and 34 nm particles, the shape was approximated as a hemisphere, and for the 80 nm particles, the shape can be considered as a triangle. D is defined as the diameter of the hemisphere or the side length of the triangle. The height of the structure was the same as the evaporation thickness, that is, 30 nm. The net volume of the Al was actually smaller owing to surface oxidization. The estimated lateral sizes of the Al nanoparticles were 18 nm, 24 nm, and 70 nm.
14 Comparing the decay curves between samples with and without Al nanoparticles, the photocatalytic reaction rates of TiO 2 with Al nanoparticles were remarkably enhanced. These results demonstrate clearly the plasmonic enhancement of photocatalysis on TiO 2 by the UV-resonant Al nanoparticles.
To evaluate the enhancement of the photocatalytic reaction rate, curve fitting was performed using the following equation:
Here, f ðtÞ is a time-dependent function of the MB concentration during the photocatalytic reaction, A is the background signal, B and C indicate the area ratio inside and outside of the enhanced field, respectively, and s 1 and s 2 are the time constants of the MB decolorization rate with and without Al particles, respectively. The enhancement of the photocatalytic reaction rate is defined as s 1 /s 2 . The values of s 1 /s 2 with respect to lateral size D are summarized in Table I . Al nanoparticles with the size of 34 nm showed the larger enhancements than 28 nm and 80 nm Al nanoparticles. This is because the enhancement effect can be observed most dominantly at the absorption edge of TiO 2 (320 nm). 21 At shorter wavelengths, TiO 2 shows high quantum efficiency to initiate photocatalytic reactions, while at longer wavelengths, the efficiency is decreased and the higher photon density was required. As a result, 34 nm Al nanoparticles, which have the resonance peak at 320 nm, achieved to the highest enhancements. The 80 nm particles also show the larger enhancements as high as 12.9 than the 28 nm particles (exhibiting only 9.8). This can be because the 80 nm particles showed relatively high extinction efficiency at the band edge and also because they exhibit the high-integrated scattering efficiency at the wavelength region of 260 nm to 340 nm. Additionally, a triangular metallic nanoparticle in general supports the stronger electric field localized at the corner than a hemispherical metal nanoparticle. Therefore, the 80 nm triangular particle may have the advantage for plasmonic enhancement of photocatalytic reactions compared to the 28 nm hemisphere. In the case of photocatalysts other than TiO 2 , the size of the plasmonic structure needs to be tuned. Furthermore, Table I also shows the dependence of the photocatalytic enhancement on nanoparticle size. We note that the enhanced field means the area where the field intensity drops to 1/e from the surface of the metal. In principle, as the diameter of the Al particles reduces, the 1/e distance becomes shorter, while the thickness of the oxide layer increases because of the curvature. The field enhanced area therefore decreases dramatically with decreasing particle size, which could explain the size dependence of the photocatalytic enhancement.
Finally, we investigated the dependence of the photocatalytic enhancement reaction on the irradiation wavelength. 3(d) ), plasmon resonances at 330 and 320 nm are assigned to the dipole mode, whereas the shorter one at 280 nm in Fig. 3(b) is assigned to the quadrupole mode. For each D, the wavelength dependence of the enhancement agreed with the calculated scattering efficiency. The higher photocatalytic enhancement at the scattering peaks is consistent with the existence of a stronger near-field confinement. Taking these conditions into account, the spectral similarity of the enhancement and the scattering efficiency suggests that the enhancement of the photocatalytic reaction originates from the plasmonic properties of the Al nanoparticles. We estimated that an effect of "enhanced scattering" is smaller than the plasmonic effect because the particles are aligned in two dimensions and the density is low enough to avoid the effect of interactions between nanoparticles and multiple scattering between the structures. Other chemical effects on the photocatalytic reaction, for example, charge transfer and forced electron-hole pair separation, are considered to be absent in this system because the Al nanoparticles are surrounded by Al 2 O 3 thick enough to avoid them.
In summary, the enhancement of photocatalytic activity in the deep-UV region was demonstrated using the plasmonic properties of Al nanostructures. A maximum increase to the photocatalytic reaction rate of about 14.3 times was obtained for particle sizes of 34 nm. Also the enhancement of the photocatalytic reaction rate was found to be dependent on plasmon resonance in the UV region, which was consistent with DDA simulation results. This study indicates the capability of utilizing UV plasmonic properties for the enhancement of photocatalyst performance where UV light is to be used. Plasmon-enhanced photocatalysis in the UV range is promising not only for conventional environmental applications but also it represents strategies for acquiring renewable and clean energy sources. 
